INTRODUCTION
Galls on the leaves of Rubiaceae species were first described as ' small knob-like excrescences ' by Trimen (1894) , who acknowledged them to be of great taxonomic value. It was not until Zimmerman (1902) studied them in detail that it became clear that these foliar structures contain bacteria. Shortly afterwards a model of leaf gall development was proposed (von Faber, 1912) , describing how bacteria enter the leaf while it is still inside the apical bud, i.e. the bacteria reside in the leaf galls as well as in the stem apices where they infect every new developing leaf and every ovary, and hence the seeds. On the basis of his attempts to follow the microsymbiont through every reproductive stage of the plant life cycle, von Faber recognized the symbiosis to be ' hereditary '. With the introduction of electron microscopy it became possible to perform more exhaustive research at the ultrastructural level towards initiation, development and struc- The GenBank accession numbers for the 16S rDNA sequences of ' Candidatus Burkholderia ' sp. nov. 19536779, 19981825, 835396, 835429, 835430 and 835462 are AF475063, AF475064, AF475065, AF475066, AF475067 and AF475068, respectively. ture of leaf galls (Lersten & Horner, 1967 ; Whitmoyer & Horner, 1970 ; Miller et al., 1983) . Bacterial leaf symbiosis in Rubiaceae as well as in Myrsinaceae hosts was shown not only to be cyclic, but also obligate for normal growth and development of the plant. Loss of the bacterial partner eventually results in death of the host (Gordon, 1963) . To reveal the significance of the bacteria to the host plant, it is essential to know the true identity of the microsymbionts. Several investigators have made an attempt to isolate, cultivate and identify the endophyte from a series of nodulated species, with very divergent suggestions concerning the identity of the microsymbiont as a result (for review see Miller, 1990 ).
Nowadays one is no longer limited to morphological and phenotypical characterization methods. When dealing with uncultivable organisms the use of molecular methods is far more appropiate (Amann et al., 1995) . In the present study we used sequence analysis of the small-subunit rRNA gene (16S rDNA) to identify the endophyte associated with the Rubiaceae species Psychotria kirkii. Based on our phylogenetic analysis the endophyte can be placed within the β-Proteobacteria subclass. Our data indicate that the endosymbiont is a novel species of the genus Burkholderia. Cultivation of these bacteria has not been successful to date, and therefore we propose the S. Van Oevelen and others provisional status Candidatus for this bacterial endosymbiont, ' Candidatus Burkholderia kirkii ' sp. nov.
METHODS
Transmission electron microscopy. Galls on the leaves of P. kirkii var. tarambassica (19536779) were isolated and fixed overnight at 20 mC with 3 % glutaraldehyde in 0n1 M Sorensen phosphate buffer, pH 6n8. After washing with 10 % sucrose in 0n1 M phosphate buffer and then in 0n1 M phosphate buffer only, tissues were post-fixed in 1 % buffered osmium tetroxide. Samples were dehydrated in a graded water\ethanol\propylene oxide series and embedded in LX 112 embedding mixture (Ladd). Sections were cut using an ultramicrotome (MT2-B ; Sorvall), stained with uranyl acetate and lead citrate, and examined with a transmission electron microscope (EM 300 ; Philips).
Plant material and DNA extraction. Plant samples were provided by the National Botanic Garden of Belgium. Data on the origin and accession numbers of plants are listed in Table 1 . Three specimens of the living collection as well as four herbarium samples were involved in this study. After rinsing with 70 % ethanol the required plant tissues were isolated. Leaf galls and stem apical regions were isolated from the living plants, whereas only leaf galls were available from the herbarium material. During isolation of the leaf galls care was taken to include as few plant cells as possible. Small leaf discs were taken from the leaf lamina, avoiding the inclusion of any galls. Since the presence of the bacteria is limited to leaf galls and the stem apical region, the latter samples served as a negative control. Psychotria lucens var. lucens, a species which is always devoid of bacterial galls (Petit, 1964) , was used as an overall negative control. DNA extractions were performed using the DNeasy Plant Mini Kit (Qiagen) according to manufacturer's instructions.
PCR amplification of 16S rDNA. PCR primers 16 SB and 16 SE (Table 2) were derived from the universal primers 27f and 1525r as proposed by Lane (1991) . A second reverse PCR primer, 23 SB, was designed at the beginning of the 23S rDNA to allow amplification of a wide variety of bacterial 16S genes while prohibiting the amplification of any plant organelle 16S genes. PCR was performed in a 50 µl reaction volume containing 10 mM Tris\HCl, 1n5 mM MgCl # , 50 mM KCl, 50 pmol both forward and reverse primers (Eurogentec), 10 nmol each dNTP (Amersham Pharmacia Biotech) and 1n25 U Taq polymerase (Roche Molecular Biochemicals). Conditions were as follows : 2 min preheating et al., 2000) . § Adapted from Messing (1983) .
at 94 mC followed by 30 cycles of 1 min at 94 mC, 1 min at 55 mC and 2 min at 72 mC with a final extension cycle of 10 min at 72 mC. Amplified products were separated on 0n8 % agarose gels before and after EcoRI restriction digestion. Electrophoresis was performed in 89 mM Tris, 89 mM boric acid and 2 mM EDTA, and gels were stained with ethidium bromide.
DNA cloning and sequencing. PCR products were ligated into pGEM-Teasy vector (Promega), according to the manufacturer's instructions, and transformed into DH10B-easypore Escherichia coli cells (Eurogentec) by electroporation. Plasmid purification was obtained by using a QIAprep Spin Miniprep Kit (Qiagen) after which both strands were sequenced with a Thermo Sequenase Fluorescent Labelled
Primer Cycle Sequencing Kit (Amersham Pharmacia Biotech) using Cy5-labelled primers (Eurogentec). Conditions were as follows : 3 min preheating at 95 mC followed by 30 cycles of 30 s at 95 mC, 30 s at T a (annealing temperature, calculated according to Breslauer et al., 1986) and 30 s at 60 mC with a final extension step of 5 min at 60 mC. Universal vector primers M13F and M13R, as well as internal primers were used (Table 2) . Sequences were processed with the program  (). Cloned genes were assigned to the bacterial or the plant genome after performing a  search (Altschul et al., 1997) on partial sequences. Only bacterial 16S rDNA genes were sequenced entirely.
Phylogenetic analysis. Sequences were submitted to the SSU rRNA database (Van de Peer et al., 2000) and aligned with their closest relatives using DCSE software (De Rijk & De Wachter, 1994) . Distance matrices were calculated using the Jukes & Cantor (1969) substitution model. Phylogenetic trees were constructed according to the neighbour-joining method (Saitou & Nei, 1987) using the  program ( Van de Peer & De Wachter, 1994) . Bootstrap values are given as a measure of reliability (Felsenstein, 1985) .
RESULTS AND DISCUSSION

Transmission electron microscopy
Longitudinal and transverse sections of bacterial rods could be seen in the leaf galls (Fig. 1) . No flagella were observed. The bacteria were never seen within cells, nor were they ever observed outside the galls. This demonstrates that their occurrence is limited to the confined structure of the leaf galls.
Analysis of leaf galls and apical regions of P. kirkii var. tarambassica (19536779)
DNA extracted from leaf galls was amplified using two different primer sets, 16 SB\16 SE and 16 SB\23 SB. As most bacteria contain an EcoRI site in their 16S rDNA and plastids do not (Van de Peer et al., 2000) , EcoRI digestion patterns served as an indicator for the composition of PCR products. Upon EcoRI digestion and electrophoresis, the 16 SB\16 SE product was shown to contain both bacterial and chloroplast 16S rRNA genes, while the 16 SB\23 SB product was composed solely of bacterial 16S rRNA genes. After ligation of total amplified DNA and electroporation, colonies were screened and EcoRI-sensitive clones were selected and partially sequenced (minimum 600 bp). All retrieved sequences were found to be identical upon comparison and the nearly complete 16S rDNA sequence was obtained from the leaf gall extract. Likewise, the nearly complete 16S rDNA sequence was obtained from the apical region, by subjecting the extract to the same series of experiments. The bacterial 16S rRNA genes that were retrieved from the apical region and leaf galls of P. kirkii var. tarambassica appear to be very similar : no more than a 2-base difference was found. This difference is most probably the result of the occurrence of multiple copies of the 16S rRNA gene within the bacterial genome, among which a small variation is allowed. Our results therefore indicate the presence of the same bacterium in the leaf galls and the apical region of P. kirkii var. tarambassica.
Analysis of leaf galls and apical regions of P. kirkii var. nairobiensis (19981825)
The presence of bacterial 16S rRNA genes in gall and apical DNA extracts was traced by PCR reactions and subsequent EcoRI digests. From both tissues EcoRIsensitive clones were selected after ligation, containing either a 16 SB\16 SE or a 16 SB\23 SB insert. All partial sequences proved to be identical upon comparison and the nearly complete 16S rRNA from galls and apex extracts are identical.
Analysis of leaf galls of P. kirkii var. mucronata (835396 and 835462) and P. kirkii var. tarambassica (835429 and 835430)
16S rDNA amplifications and subsequent EcoRI digests indicated the presence of bacterial genes in the leaf galls of all four herbarium specimens. After ligation and selection of positive clones the 16S rRNA sequence was obtained for each of the plants involved. As was the case for both living species, only a single bacterial 16S rRNA gene was retrieved from each of the herbarium samples. Apical regions were not available and hence not analysed.
Value of the retrieved 16S rRNA genes
Evidence that the retrieved 16S rDNA sequences belong to the bacterial symbionts was supported by their absence in bacteria-free tissues. If the obtained 16S rRNA genes belonged to contaminating bacteria they would not only be present in the leaf galls, but also in other parts of the leaf. However, the absence of bacteria in gall-free samples was confirmed for each of the plants studied. Bacterial 16S rRNA genes could not be amplified in any of the relevant tissues with either primer set, indicating that the sequences retrieved from the leaf galls and apical regions of P. kirkii indeed represent the endosymbionts and do not belong to contaminating bacteria. Likewise, the gall-free variety, P. lucens var. lucens, was shown to lack any bacterial DNA, as expected. Additional proof came from the analysis of the apical region of two living varieties of P. kirkii. Bacterial 16S rRNA genes obtained from stem apices and leaf galls were shown to be identical upon comparison, indicating the presence of the same bacterial symbiont in both leaf galls and the stem apex. form a single clade. Phylogenetic analysis places the endophytes of P. kirkii in the genus Burkholderia. A distance matrix was constructed containing 22 Burkholderia species. The phylogenetic tree based on this analysis is presented in Fig. 2 . All symbionts are positioned in a single cluster with 100 % bootstrap support. The rather low sequence similarities towards Burkholderia sp. NF100 (Hayatsu et al., 2000) , the closest neighbour of the symbiont cluster, range from 96n4 to 97 %. These results suggest that the endophytes represent a novel Burkholderia species.
General conclusion
Almost a century ago bacteria were first reported to inhabit the leaf galls of some Rubiaceae genera. Ever since, numerous attempts have been undertaken to cultivate and identify these endosymbionts. Due to the cyclic and constant nature of this symbiosis, no bacteria-free plants can be obtained for use in reinoculation experiments. Therefore, none of the reported isolations could satisfy Koch's postulates (Brock, 2000) and their proposals must at least be regarded as dubious. In addition, all previous identifications are based upon an insufficient morphological description. Since microbial phenotypes are too limited for identification purposes, assigned taxonomies should be reviewed.
In the present study, SSU rDNAs were sequenced for use in a phylogenetic analysis, which assigned the endophytes of P. kirkii to the genus Burkholderia. Until we succeed in cultivation of the endophytes or additional phenotypic data become available, we assign them the provisional status Candidatus as proposed by Murray & Stackebrandt (1995) . Based on
